Abstract: On October 27, 2015, talimogene laherparepvec (T-VEC), a first in class intralesional oncolytic virotherapy, was granted the US Food and Drug Administration approval for the treatment of melanoma in the skin and lymph nodes. Its approval has added yet another therapeutic option to the growing list of effective therapies for melanoma. Though the Phase III OPTiM trial has demonstrated its efficacy as a single agent, the target patient population remains narrow. With numerous effective and tolerable treatments available for unresectable and metastatic melanoma, intralesional therapies such as T-VEC are still finding their niche. T-VEC is now widely accepted as option for treatment; however, its combination with various other agents in an effort to expand its use and synergize with other interventions is still being explored. This article will review the pre-clinical and clinical work that eventually led to the Food and Drug Administration approval of this first-in-class agent, as well as address concerns about clinical application and ongoing research.
Introduction
In 2016, the algorithm for the management of melanoma continues to evolve. Since the US Food and Drug Administration (FDA) approval for the immune checkpoint inhibitor ipilimumab, an anti-CTLA-4 antibody, in 2011, there has been a flood of additional effective therapies for the treatment of now both advanced and high-risk melanoma. In 2011, following ipilimumab came the BRAF targeted agent vemurafenib, followed by two other targeted agents in 2013, dabrafenib, another BRAF inhibitor, and trametinib, a MEK inhibitor. Shortly thereafter two other immune checkpoint inhibitors pembrolizumab and nivolumab, both anti-PD1 antibodies, were also approved starting in 2014. Then, the combination of nivolumab and ipilimumab was approved for metastatic patients on October 1, 2015. All of these agents are given systemically and demonstrate response rates of 15%-70%, but with varied side effect profiles, time to response, and duration of response. [1] [2] [3] [4] [5] [6] Parallel to the development of the aforementioned agents, a novel intralesional therapy initially called OncoVEX GM-CSF was also being explored. OncoVEX GM-CSF is a oncolytic virus derived from a modified herpes simplex virus type 1 (HSV-1), coupled with the insertion of a gene that encodes for human granulocyte macrophage colony-stimulating factor (GM-CSF), that has come to be known as talimogene laherparepvec (T-VEC). 7 On October 27, 2015, T-VEC, a first-in-class intralesional oncolytic virotherapy, was granted FDA approval for the
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Orloff treatment of melanoma in the skin and lymph nodes. The drug is now being used in many US oncology practices and it is further being widely investigated across multiple cancer types and in combination with numerous other agents. This review aims to summarize the data that led up to the development and FDA approval of T-VEC. Further, there will be a comment on the practical considerations of using such an agent in the clinic and a discussion about future directions.
Background on oncolytic viruses
The very thought that a concomitant viral infection during ones cancer course can be beneficial dates back to the 1800s. There have been numerous case reports detailing variable remissions of hematologic malignancies when patients contract infections such as influenza, hepatitis, and measles during their course. 8 It was with these signals that the concept of oncolytic virotherapy was born. While early on, the simple parenteral administration of infectious serum was employed, the more modern approach to oncolytic virotherapy involves the administration of a nonpathogenic attenuated virus that preferentially replicates in tumor tissues and causes death of the cancer cell. While direct oncolysis of the tumor due to accumulation of toxic levels of virus within the cancer cell is one mechanism of cell death, there is evidence that there is an additional modulation of the tumor microenvironment, increased antigen presentation, recruitment of cytotoxic T-cells, and the potential to induce a memory immune response. 9 Over the past 20 years, there have been numerous viruses explored for their anticancer potential across many tumor types. These include but are not limited to adenovirus, coxsackie virus, HSV, measles, parvovirus, poliovirus, poxvirus, reovirus, Newcastle disease virus, and Seneca Valley virus that have been studied in everything from melanoma to bladder cancer to glioblastoma.
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Background on intralesional therapy in melanoma
Similar to the observations of viral infection causing tumor regression, local bacterial infection was witnessed to also have an anticancer effect. In1891, Dr. William B Coley documented that local injections of streptococci and later the combination streptococci and Serratia marcescens into sarcomas, lymphomas, and melanomas had clinical benefit. [12] [13] [14] Again, akin to the immune responses ignited with oncolytic viruses, local injection of an immunogenic pathogen, or the desired cytokine itself, has the potential to induce both an immediate antitumor response as well as longer lasting immune memory. 11 There has been extensive work in the field of intralesional therapy for melanoma. There has been success with the injection of agents such as bacillus Calmette-Guérin, GM-CSF, interleukin 2, rose Bengal, as well as some of the viruses previously listed. 11, 12 While surgery remains the mainstay of treatment for "resectable" disease in melanoma, and despite all of the advances in systemic therapy, locoregional therapy remains an option for local unresectable disease.
What is T-VEC?
T-VEC is an oncolytic virus that is directly injected into melanoma skin tumors or involved lymph nodes. 15 Its development was based on the experience and success of prior work with oncolytic and intralesional therapies in melanoma and gene therapy. 7, 16 It is derived from a modified HSV-1, coupled with the insertion of a gene that encodes for human GM-CSF. There has been deletion of two nonessential genes, infected cell protein 34.5 (ICP34.5) and ICP47. 6, 9 The deletion of ICP34.5, a neurovirulence factor, diminishes viral pathogenicity preventing clinical development of herpes sequelae such as fever blisters. The HSV-1-lacking ICP34.5 then may only preferentially replicate in cancer cells and not healthy cells due to the exploitation of the protein kinase R (PKR) activity differential between the two cell types. 10 Healthy cells utilize the PKR pathway to halt viral replication, whereas cancer cells inactivate the PKR pathway in an attempt to maintain continuous cell growth; however, this also permits unchecked viral replication. Additionally, the PKR pathway leads to type I IFN signaling to be preserved in healthy cells but absent in tumor cells, again assisting with selective viral replication. 10, 17 The deletion of ICP47 not only further decreases neurovirulence by augmenting a CD8+ T-cell response, but also enhances antitumor response by blocking ICP47 suppression of tumor antigen presentation. 16, 18 In addition, the insertion of the gene encoding GM-CSF aims to further enrich the antitumor response by local recruitment of dendritic cells for antigen presentation, increasing T-cell responsiveness, and decreasing both T-regulatory cells and myeloid derived suppressor cells. 12, 19 The combination of direct oncolysis, controlled virulence, preferential replication, enhanced antigen presentation, augmented antitumor tumor microenvironment, and the potential for both local and systemic antitumor activity led to the enthusiasm and research that would eventually lead to the clinical investigation of T-VEC.
Early clinical trials with T-VEC Phase i
In the Phase I trial of then OncoVEX GM-CSF , 13 patients with varied malignancies and prior treatment were treated with single variable doses, and 17 patients were treated with multiple variable doses. 20 
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T-VeC in melanoma malignancies varied amongst breast, colorectal, melanoma, and squamous cell carcinoma of the head and neck, all had refractory cutaneous or subcutaneous metastases and were treated with intratumoral injections. In the first cohort, individual patients were treated with single escalating doses of the drug, at 10 6 , 10 7 , and 10 8 pfu/mL. Of note, only patients who were HSV seropositive received the 10 8 pfu/mL dose. In the HSV negative group the dose of 10 7 pfu/mL was determined to be the maximal tolerated dose. The second cohort of patients received multiple doses at varied escalations depending on their seropositivity. In general, the treatment was very well tolerated with minimal side effects including pyrexia, nausea, vomiting, anorexia, and fatigue, but mostly all were ≤ grade 2. Inflammation of injected and uninjected lesions was observed. In addition to safety and tolerability, observations were made specific to patient's pre-and post-HSV seropositivity. Overall, side effects were more evident in the pretreatment seronegative patients. Patients who were seronegative prior to treatment strongly converted to seropositivity 3 to 4 weeks after their first dose. Immunity to HSV was measured in pretreatment seropositive patients, and while the level of anti-HSV antibody increased during the first few injections, this leveled off and did not seem to have an obvious effect on antitumor response. One patient who had been seropositive developed "fever blisters" during the treatment. The herpetic eruption was swabbed and tested but was not reflective of systemic infection with OncoVEX GM-CSF . There were no complete responses (CR) or partial responses (PR) witnessed. However, a number of patients had "flattening" of their lesions, and stable disease was seen. It was also observed that some lesions appeared to "progress", getting larger and more inflamed, but ultimately was either called stable disease or tumor necrosis was found on biopsy. The results of this study and the signal that the virus was well tolerated, easily administered, and some evidence of antitumor response, that led the subsequent Phase II trial in patients with melanoma.
Phase ii
The Phase II trial of JS1/34.5-/47-/GM-CSF (previously OncoVEX GM-CSF ) was conducted among 50 patients with stage IIIc and IV metastatic melanoma. 21 Patients were enrolled between January 2006 and February 2008, prior to the FDA approval of novel targeted and systemic immunotherapeutic agents as previously discussed. Prior treatments in this patient population included surgery, dacarbazine, temozolomide, and interleukin 2. Patients were injected first with the 10 6 pfu/mL dose, as an attempt to seroconvert, based on what was experienced with the high 10 8 pfu/mL dose in seronegative patients in the Phase I study. Up to 4 mL was injected intratumorally.
A second injection of 10 8 pfu/mL was administered after 3 weeks and then every 2 weeks until disease progression or intolerance. Official disease assessments were made after six injections and then every 12 weeks thereafter. The demographics of the treatment population were such that 10 patients had stage IIIC disease and 40 patients had stage IV (20 patients had M1c disease). A median of six injections were given and 13 objective responses were seen. There were eight CR and five PR, giving an overall response rate (ORR) of 26%. Twelve of the responses were durable for greater than 6 months (7-31 months at the time of the publication). Ultimately, a disease control rate that was maintained for greater than 3 months was noted to be 50%. There were also observations that both local and distant non-injected lesions may respond. This observation is further defined in a post hoc analysis that will be discussed in this article. The adverse events were similar to what were seen in the Phase I study and all were ≤ grade 2. Autoimmune vitiligo was witnessed in three patients. The ORR, tolerability, observation of CR, and antitumor response in distant noninjected lesions commanded the pursuit of a randomized Phase III trial in efforts for FDA approval.
Observations: post hoc analysis
As already noted, during the Phase II study there was the observation that both local and distant uninjected lesions may respond when accessible tumors are injected with JS1/34.5-/47-/GM-CSF. Such a finding was further investigated in the post hoc analysis of the systemic effects of TVEC (previously JS1/34.5-/47-/GM-CSF). 22 While the analysis was ultimately published following the randomized Phase III trial and the eventual FDA approval, the results of the analysis are worth noting. When considering the responders in the Phase II trial as already detailed, 11 of the 23 patients (47.8%) with disease control (CR =8, PR =5, and standard deviation =10) had a ≥30% tumor burden reduction in noninjected lesions. Further two of those patients had ≥30% tumor burden reduction in non-injected distant visceral lesions. Notably, the median time to lesion response was the quickest for directly injected lesions at 18.4 weeks than non-injected non-visceral lesions at 23.1 weeks and visceral lesions at 51.3 weeks. These findings were then further evaluated during the subsequent randomized Phase III trial. The expectations of response, nonresponse, and time to response for the varied types of lesions noted in Phase II and additionally in the phase III were important to consider when this agent ultimately made it to clinical practice.
Pivotal phase III and FDA approval
As Phase II was completing, the randomized phase III trial (OPTiM) was underway. 15 
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Orloff patients across 64 centers in four countries were enrolled. Patients who were in stages IIIB-IV and not surgically resectable were eligible as long as there was at least one cutaneous lesion ≥10 mm in diameter. However, stage IV patients with greater than three visceral metastases, except lung or lymph node, or any visceral metastases >3 cm or uncontrolled liver metastases were excluded. Such an exclusion criterion was likely based on experience gained from the aforementioned post hoc analysis noting only rare and delayed response in non-injected, non-visceral lesions. Higher risk visceral lesions such as those greater than 3 cm, or uncontrolled liver metastases that could result in rapid clinical deterioration if not treated, are unlikely to benefit from single-agent T-VEC and would require systemic therapy. Patients were randomized to receive either T-VEC as given in Phase II or GM-CSF alone injected just subcutaneously at 125 µg/m 2 daily for 14/28-day cycle. When considering patient demographics, 57% had stage IIIB, IIIC, and M1a disease and 47% were treatment naïve. Similar to what was seen in Phase II, the ORR in the T-VEC arm was 26.4% versus 5.7% in the GM-CSF arm. Thirty-two patients in the T-VEC arm had a CR (10.8%). Median time to response was again similar to what was seen prior in the T-VEC arm, which was about 4.1 months (1.2-16.7 months). A durable response rate (DRR), which was the primary endpoint and defined as CR + PR lasting ≥6 months, was estimated to be 16.3% in the T-VEC arm versus 2.1% in the GM-CSF arm. In the additional exploratory analyses, it was found that patients getting T-VEC as the first-line treatment did significantly better than patients who were previously treated for their metastatic disease (24% versus 10% DRR). Further, the differences in DRR between T-VEC and GM-CSF group were more significant in the earlier stage IIIB and IIIC, and IVM1a patients (33% versus 0%, 16% versus 2%) as compared to the IVM1b and IVM1c patients (3% versus 4%, 7% versus 3%). Such a contrast is not unexpected given the knowledge about the potential but lower likelihood of visceral non-injected tumor response seen with T-VEC in the Phase II study. The side effects were again similar to what were seen in the Phase I and Phase II studies, though slightly more grade 3/4 events were present. It was generally very well tolerated, though there were six patients with grade 3/4 cellulitis in the T-VEC arm. Ultimately, given the reported outcomes in Phase III, the again witnessed ORR and DRR, tolerability, observation of CR, and also possibility of antitumor response in distant non-injected lesions, the FDA approved T-VEC on October 27, 2015 as the first FDA-approved oncolytic virus therapy for the treatment of melanoma lesions in the skin and lymph nodes.
Recent publication by Andtbacka et al further defines the patterns of clinical response seen in patients treated with T-VEC in the Phase III OPTiM trial. 23 Similar to what was seen as part of the post hoc analysis performed in the Phase II trial, after injection with T-VEC, there was a ≥50% decrease in size in 64% of injected lesions. In addition, 34% of uninjected nonvisceral and 15% of visceral lesions also had reduction in size. CR was seen in 47% of injected lesions, 22% of non-injected non-visceral lesions, and 9% of visceral lesions. Of the 9% of visceral lesions that responded, 81% were in the lungs, 15% in the liver, and 4% in the thyroid. Median time to response of visceral lesions was 12.3 weeks, which is notably shorter than that previously reported in Phase II where non-injected visceral lesions had a median time to response of 51.3 weeks.
T-VEC in the clinic: practical considerations Patient selection
At diagnosis, about 15% of patients had stage III-IV disease, and about 5% may have what is considered to be injectable disease by definition of what was injected in the aforementioned T-VEC clinical trials. 24, 25 It has been noted in the discussion of both the phase II and phase III trials, and other commentaries that T-VEC as a single agent should be reserved for earlier stage, limited disease. 15, 21, 26 While this is a narrow patient population, the population does exist and would benefit from a low toxicity treatment with the potential for durable response. When evaluating a new melanoma patient in the clinic, given the increasing number of options for intervention, the option of single-agent T-VEC is discussed carefully. For some patients, an every 2-week injection without the unpredictable immune-related side effects seen with the checkpoint inhibitors, or other systemic side effects seen with targeted BRAF and MEK inhibitors, may be desirable.
Handling and administration
When T-VEC was first made commercially available, there was accompanying guidance on the handling and administration of the agent. It was recommended that since it is a live virus capable of replication, albeit attenuated, there should be appropriate precautions. However, as it was a first-in-class agent, specifics regarding biohazard precautions were not previously known, and there was room for varied interpretation across institutions. As per the package insert, health care providers who are immunocompromised or pregnant should not prepare or administer the agent. Person administering 
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T-VeC in melanoma should wear personal protective equipment such as a gown or lab coat, eye protection, and gloves. Any materials that may come in contact with T-VEC should be disposed in accordance with accepted biohazard precautions. In Phase II, 102 swabs were taken from the injection sites in 19 patients at 24-72 hours following the first injection. 21 Only one swab tested positive for HSV at <10 pfu/mL, and was negative just prior to the second injection. However, it is still recommended that the exterior of the dressing be wiped with alcohol and the injection site be covered for at least in the first week after each treatment. It is worth noting that the product needs to be stored at -90°C to -70°C and requires about 30-60 minutes for thawing until it can be administered. Further, once thawed the agent needs to be administered immediately, though it can be stored in the refrigerator for 24 (10 6 pfu/mL) or 48 (10 8 pfu/mL) hours depending on the concentration. 27,28 Such a narrow window for freezing, thawing, and administration requires office and clinic organization to ensure appropriate scheduling and treatment. There is no restriction on the type or level of practitioner allowed to administer T-VEC. With appropriate training, mid-level providers such as nurse practitioners and physician assistants are well suited to administer T-VEC injections in the clinic. Given the aforementioned constraints regarding drug preparation and administration, utilizing staff beyond the physician to ensure timely treatment of the patient is something that should be considered and has been accepted by the mid-level community. 28 
Financial
Compared with other novel melanoma agents such as ipilimumab, pembrolizumab, nivolumab and the targeted agents vemurafenib, dabrafenib, trametinib, and cobimetinib, which carry a cost of >US $100,000 on average for a course of treatment, the cost of T-VEC was estimated to be around US $65,000. Shortly after FDA approval, there was comment that the drug company behind T-VEC, Amgen, would work with institutions to cap cost per patient per full treatment course at around $65,000. Further, there are a number of assistance programs to help aid patients who may have high co-pays or need free medicine.
Future directions and ongoing clinical trials
As noted previously, patients who will benefit from singleagent T-VEC exist but they form a narrow population. To further expand the utilization of this novel oncolytic virus to other patient populations and to capitalize on its successes, there has been a tremendous effort to further explore its use. See Table 1 for completed T-VEC trials and Table 2 for a summary of ongoing T-VEC trials in melanoma.
Combinations
There are now a number of effective therapies for advanced melanoma, and the trend has been that a combination of these agents improves outcomes, which has been shown by the effectiveness of combination checkpoint inhibitors and combination targeted agents. 3, 6 While most effective combinations thus far have been within a drug class, there is growing enthusiasm for combining therapies between classes and treatment modalities. 15 There is already data supporting the combination of T-VEC, an intralesional oncolytic virus, with a number of checkpoint inhibitors. The basic principal supporting the combination is the concept that the introduction of an oncolytic virus may alter an otherwise non-immunogenic tumor microenvironment into one primed for checkpoint inhibitors, in addition to its already direct oncolysis. The possibility of increased antigen presentation and T-cell recruitment due to cell death from 
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Orloff oncolysis is attractive to checkpoint inhibitor-stimulated T cells. The results of the Phase Ib trial of ipilimumab with or without T-VEC were reported first at ASCO 2014 meeting prior to T-VEC's FDA approval (NCT01740297). 29 In this Phase Ib, 19 patients were enrolled and 18 were treated with the combination. There was an increase in grade 3/4 side effects at 32%, which was attributed to ipilimumab. The ORR was 41%, with 24% CR and 18% PR, and 35% with stable disease. Median time to response was 2.9 months. Follow-up data then presented at 2015 ASCO again noted an impressive ORR of 56% (33% CR) and DRR of 44%. Survival at 12 and 18 months were 72.2% and 67%, respectively. While the side effect profile resembled that of mostly ipilimumab, the ORR and time to response were much improved over each agent when used alone. Recently updated results of the Phase Ib trial were reported by Puzanov et al. 30 After final analysis, ORR was reported at 50% and DRR at 44%. Eighteen-month progression-free survival was 50% and 18-month overall survival was 67%. A Phase 2 was planned and recruited patients; however, with the success and increased tolerability of the anti-PD1 antibodies, combination trials quickly moved to the combination of T-VEC and pembrolizumab. MASTERKEY-265 was a Phase Ib study of T-VEC and pembrolizumab for unresectable stage IIIB-IV melanoma, which has continued and has now moved on to a randomized, placebo-controlled Phase III trial (NCT02263508). 31 Results of the efficacy from Phase Ib were recently presented at ASCO 2016 and noted a confirmed/non-confirmed ORR of 48%/57% and CR of 14%/24%. 29 Grade 3/4 side effects were reported at 33%, with most common being fatigue, pyrexia, and chills. The side effects seen in the trial were similar to those seen with pembrolizumab, or exaggerated T-VEC related side effects, which are likely more manageable than those seen with ipilimumab. Phase III is underway and set to accrue 660 patients and will randomize the patients in a ratio of 1:1 to pembrolizumab plus T-VEC versus pembrolizumab plus intralesional placebo.
Additional combination trials have been conducted and are ongoing notably in other cancer types that aim to explore T-VEC in combination with chemotherapy and/or radiation in tumors such as breast cancer, head and neck cancer, and sarcoma (NCT02779855, NCT01161498, NCT02453191).
While there is clear evidence of TVEC's as a single agent and in combination with other anticancer therapies, there is also an effort to selectively diminish the antiviral response without impairing the antitumor response. Such a concept has been explored and the combination of oncolytic viruses and histone deacetylase inhibitors (HDACIs) may have this effect. 32 While HDACIs are known to have varied antitumor effects, they are also found to interfere with the host antiviral immune response by weakening the IFN signaling. A variety of HDACIs including trichostatin A and valproic acid have been explored in combination with HSV oncolytic viruses. Notably, trichostatin A was found to increase viral replication and antineoplastic activity of HSV-1 deficient in ICP34.5 (R849) in oral squamous cell cancer. 33 In a review by Forbes et al, there is a summary of a number of other potential pharmacological interventions that when combined with oncolytic viruses may help to enhance antitumor immunity and minimize unwanted antiviral response. 34 Such approaches include classic chemotherapy agents like cyclophosphamide and bortezomib, drugs targeting the mTOR pathway like rapamycin and everolimus, DNA demethylating agents like 5-azacytidine, as well as novel viral sensitizers. The strategy of combination therapy to enhance selective viral replication, augment tumor cell oncolytic virus sensitivity, and modulate antitumor and antiviral response may be considered for T-VEC in the future.
Schedule
Though T-VEC was first investigated as a direct intratumoral injection into cutaneous, subcutaneous, and lymph node metastases not amenable to surgical resection, there is a possible role for its use in the neoadjuvant setting. There is an ongoing trial exploring the role of T-VEC administration prior to surgical excision (NCT02211131). While primary outcome is recurrence-free survival, data on rates of R0 surgical resections and pathologic CR, is also being collected. 
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T-VeC in melanoma
Visceral injections
Alternative delivery methods to more visceral sites of disease are also being explored. The liver as a site of metastases is at times a difficult disease state to manage. Though there are a number of locoregional therapies for diseases such as hepatocellular carcinoma, liver metastases from colorectal cancer, and liver metastases from uveal melanoma, further therapeutic options are needed. There is an ongoing study evaluating T-VEC injections directly into liver tumors (NCT02509507). For diseases such as uveal melanoma metastatic to the liver, where checkpoint inhibitors have not been successful, potential manipulation of the tumor microenvironment to a more immunogenic environment may be of clinical interest.
Correlative science
In addition to ongoing trials exploring novel combinations, schedules, and delivery methods, there are also ongoing trials investigating patterns of immune response and viral propagation. There is a trial to evaluate the patterns of shedding of T-VEC systemically in the blood and urine (NCT02014441). In addition, there is a trial investigating the correlation of intratumoral CD8+ cell density and response rate (NCT02366195).
Conclusion
T-VEC is now the first FDA-approved oncolytic virus to make it to the clinic. Its development and approval are part of a global cancer immunotherapy renaissance, which has dramatically altered the way in which cancer is approached, most notably melanoma. While there is a focused role for T-VEC's current on-label use as a single agent, ongoing research on combination therapy and other modifications to dose, administration, and schedule will certainly further expand the drug's potential in not only melanoma but also in many other cancers.
